The beetle genus Cephaloleia has evolved in association with tropical ginger plants and for many species their specific host plant associations are known. Here we show that the core microbiome of six closely-related Costa Rican Cephaloleia species comprises only 8 bacterial groups, including members of the Acinetobacter, Enterobacteriacea, Pseudomonas, Lactococcus, and Comamonas. The Acinetobacter and Enterobacteriacea together accounted for 35% of the total average 16S rRNA ribotypes recovered from all specimens. Further, microbiome diversity and community structure was significantly linked to beetle diet breadth, between those foraging on <2 plant types (specialists) versus 9+ plants (generalists). Moraxellaceae, Enterobacteriaceae, and Pseudomonadaceae were highly prevalent in specialist species, and also present in eggs, while Rickettsiaceae associated exclusively with generalist beetles. Bacteria isolated from Cephaloleia digestive systems had complementary capabilities and suggested a possible beneficial role in both digestion of plant-based compounds, including xylose, mannitol, and pectin, and possible detoxification, via lipases. Cephaloleia species are currently expanding their diets to include exotic invasive plants, yet it is unknown whether their microbial community plays a role in this transition. In this study, colonization of invasive plants was correlated with a dysbiosis of the microbiome, suggesting a possible relationship between gut bacteria and niche adaptation. 33 The beetle genus Cephaloleia has evolved in association with tropical ginger plants and for many species 34 their specific host plant associations are known. Here we show that the core microbiome of six closely-35 related Costa Rican Cephaloleia species comprises only 8 bacterial groups, including members of the 36 Acinetobacter, Enterobacteriacea, Pseudomonas, Lactococcus, and Comamonas. The Acinetobacter and 37 Enterobacteriacea together accounted for 35% of the total average 16S rRNA ribotypes recovered from all 38 specimens. Further, microbiome diversity and community structure was significantly linked to beetle diet 39 breadth, between those foraging on <2 plant types (specialists) versus 9+ plants (generalists). 40 Moraxellaceae, Enterobacteriaceae, and Pseudomonadaceae were highly prevalent in specialist species, 41 and also present in eggs, while Rickettsiaceae associated exclusively with generalist beetles. Bacteria 42 isolated from Cephaloleia digestive systems had complementary capabilities and suggested a possible 43 beneficial role in both digestion of plant-based compounds, including xylose, mannitol, and pectin, and 44 possible detoxification, via lipases. Cephaloleia species are currently expanding their diets to include 45 exotic invasive plants, yet it is unknown whether their microbial community plays a role in this transition. 46 In this study, colonization of invasive plants was correlated with a dysbiosis of the microbiome, 47 suggesting a possible relationship between gut bacteria and niche adaptation. 
262 belti and C. reventazonica (28% of recovered sequences on average) versus specialists (only 0.8%; p < 263 0.0001, one-way ANOVA; Figure 4 ; Supplemental Table S1 ). For example, two Rickettsia OTUs 264 (OTU7980 and OTU153335; Rickettsiaceae) were collectively present in only 11 out of 29 specimens, 265 but comprised 11-26% abundance on average (for all 29 beetles found on native plants; Figure 3 ). These 266 OTU's were 99% similar to Rickettsia found in leafhoppers (KR709154) and ticks (MF002591), to name 267 a few. Similarly, a Spiroplasma OTU (Spiroplasmataceae) was present in 12 of 29 specimens, 268 represented an average abundance of ~12%, and was primarily observed in four individuals, two C. 269 dorsalis and two C. belti (Figures 2,3 ). This OTU57080 was 100% similar to the Spiroplasma associated 270 with Drosophila. The incidence of Rickettsia and Spiroplasma was determined, via diagnostic PCR, to be 271 highest in the smallest individuals of C. belti (81% prevalence, n = 8) versus the largest (56% prevalence, 272 n = 8). Finally, a single OTU of Rickettsiella (Coxielliaceae) was only found in three C. belti individuals, 273 but was highly abundant (~31% on average; Figure 3 ). This OTU43304 was 99% similar to Rickettsiella 274 bacteria, also found in sand flies and ticks.
275 Bacteria associated with the eggs of Cephaloleia beetles found on native plants. Cephaloleia eggs (n = 276 5) were collected adhered to plastic after mating pairs were kept for a brief time in captivity in bags. 277 Similar to the adults, eggs were examined for microbiome composition via 16S rRNA gene barcode 278 sequencing (Table 1) . Four of the most common bacterial OTUs associated with adult beetles 279 (Acinetobacter, Enterobacteriaceae, Comamonas, and Pseudomonas) were consistently observed in eggs 280 (Figure 7 , Table 1 ), suggesting vertical transmission from mother to offspring. NMDS analysis revealed a 281 general overlap of the microbial communities associated with eggs and adults (ANOSIM R = 0.19, p = 282 0.060; data not shown). The egg-associated microbiome of the generalist C. belti was significantly 283 different from the adults (ANOSIM R = 0.95, p = 0.022), based mainly on a near absence of Rickettsia in 284 the eggs (only 0.01% abundance; Figure 7 , Table 1 ).
285 Cephaloleia beetles foraging on invasive plants have distinct microbiomes. Specialist Cephaloleia 286 species collected on invasive plants exhibited an apparent dysbiosis in their microbiome. NMDS 287 ordination revealed a distinct bacterial community structure between the specialist beetles collected from 288 native plants, compared to those on invasive plants, including C. placida and C. dilaticollis both on white 289 ginger (Hedychium coronarium; ANOSIM R = 0.97, p = 0.001; Figure 6B ). The specialist species found 290 on invasive plants possessed a lower abundance of both Moraxellaceae (21% average 16S rRNA 291 abundance when on invasive plants compared to 41% for native feeders; P = 0.0472, one-way ANOVA) 292 and Enterobacteriaceae (6% average abundance in beetles feeding on invasive plants, as opposed to 18% 293 for those feeding on native plants; P = 0.0357; Figure 2 ; Supplemental Table S1 ). This decrease in typical 294 microbiome membership may relate directly to a concomitant increase in microbiome members such as 295 Brevinemataceae, which was significantly more abundant in both specialist species on invasive plants 296 (21% average abundance; a single OTU43892, ~99% similar to Brevinema found in insect larvae and 297 other invertebrates, represented 97% of all Spirochaete sequences), compared to those on native plants 298 (2%; P = 0.012; Figure 2 ). The four specimens of the generalist species C. belti collected on pink banana 299 (Musa velutina) also showed a slight shift in microbiome (ANOSIM R = 0.27, p = 0.05; Figure 6B ; 300 Supplemental Table S1), with significant increases in Spiroplasmataceae and Enterobacteriaceae 301 abundance (ANOVA p = 0.05 for both; Figure 2) . 302 303 DISCUSSION 304 Virtually every living organism has an associated collection of bacteria and bacteria-sourced genes (i.e. 305 microbiome), which account for more genetic and functional potential than even the host genome. Insects 306 have emerged to be important for this research due to their variable nutritional strategies and ecological 307 dominance. The speciose genus Cephaloleia has evolved in association with tropical ginger plants and, 308 for many species at La Selva Biological Station in northeastern Costa Rica, their specific host plant 309 associations are known. Several Cephaloleia species are also currently expanding their diets to include 310 exotic invasive plants, yet it is not known whether their microbial community plays a role in this 311 transition. For this reason, Costa Rican rolled-leaf beetles within the genus Cephaloleia present a unique 312 opportunity to distinguish the effects of host diet from host taxonomy on the associated gut bacteria, as 313 well as to explore whether movement of these specialized insects onto invasive host plants results in 314 changes to the bacterial communities. The factors that affect insect gut bacterial communities are still not 315 fully understood. In particular, diet has been shown to affect gut microbial communities in some insects 316 (16) and conversely be a poor predictor of gut bacterial community composition in others (17). In this 317 study, we show that the core microbiome of six closely related Cephaloleia species primarily includes the 318 Moraxellaceae, Enterobacteriaceae, and Pseudomonadaceae, and that diet breadth is significantly linked 319 to microbiome diversity and community structure.
320 Several lines of evidence suggest that the core recovered bacterial OTUs are beneficial to Cephaloleia 321 beetle hosts. Four of the most common bacterial OTUs associated with adult beetles were consistently 322 observed in eggs (see supplemental materials), suggesting vertical transmission from mother to offspring. 323 Sampling occurred over the course of 13 months, thus showing that these microbiome members likely 324 have a non-transient relationship with their host. Additionally, Pseudomonas, Enterobacter, and Pantoea 325 (also Enterobacteriaceae) have been found to play influential roles in development, nutrition, and success 326 in other herbivorous beetles and true bugs (4, 32; among others). A study by Minard et al. suggests that 327 the mosquito Aedes albopictus specifically associates with Acinetobacter to help with digestion of plant 328 nectar (33), while Acinetobacter and Pseudomonas in bark beetle digestive systems contribute to the 329 nutritional requirements of the insect via the breakdown of plant-based compounds (34).
330
The in vitro metabolic capabilities of bacteria isolated from Cephaloleia digestive systems provide 331 further evidence for their possible beneficial role. Representative isolates within the Enterobacteriaceae 332 and Moraxellaceae revealed complementary capabilities with regard to the break down plant-related 333 compounds (ex. xylose, mannitol, and pectin) versus lipids, respectively. Previously, Enterobacteriaceae 334 were also found in Bombyx mori larvae (Lepidoptera) to similarly utilize mannitol and pectin, suggesting 335 a role in the digestion of the mulberry leaf diet of the host (35). Interestingly, esterases in insects have 336 been shown to detoxify defensive plant compounds (36), thus esterase-producing bacteria like 337 Acinetobacter could also provide this service to Cephaloleia. Preliminary experiments suggest that 338 Acinetobacter isolates grow better in the presence of Calathea (Zingiberales) extract as the only source of 339 nutrients (data not shown). Tolerance to, and metabolism of, plant extracts hints at a possible role of 340 either detoxification or direct nutrient acquisition by the dominant Cephaloleia microbiome, although 341 further research with cultured bacterial isolates is necessary to examine this more fully.
342 Cephaloleia beetles in this study exhibited contrasting dietary breadths; the two generalist species C. belti 343 and C. reventazonica feed on 9-15 plants from many Zingiberales families, while the four specialist 344 species, including C. dilaticollis, C. dorsalis, C. fenestrata and C. placida, each feed on only 1-2 plant 345 species (12,15). This comparison of six congeneric Cephaloleia species with varying diet breadth satisfies 346 the recommendation of Jones et al. (17) to essentially remove taxonomy as a factor confounding the 347 influence of diet on the gut microbiome. Overall, the microbiome of specialists was significantly higher in 348 diversity than generalists, and was comparatively dominated by the Moraxellaceae, Enterobacteriaceae, 349 and Pseudomonadaceae. The shift shown in Figure 6A perhaps suggests that part of Axis 1 could be due 350 to intrinsic species differences (ex. C. belti and C. reventazonica, the generalist species, appear separated), 351 but that axis 2 is likely driven by diet breadth (all specialists cluster tightly together). It is worth noting 352 here that C. dilaticollis encompasses two cryptic species, with opposing diet breadths, and that the 353 individuals in this study possessed a microbiome community shared with other specialists. Thus, it was 354 possible to infer the limited diet breath of this particular C. dilaticollis sub-species, based solely on a 355 distinctive microbiome structure and diversity. The specialist sub-species of C. dilaticollis was 356 subsequently confirmed via insect COI sequencing, in consultation with Dr. Carlos Garcia-Robledo 357 (University of Connecticut). 358 359 Generalist Cephaloleia beetles were, by contrast, colonized by bacteria traditionally thought of as 360 pathogens, including Rickettsia and Rickettsiella, and the pattern of occurrence in these beetles (Figure 3 , 361 shown in green) is consistent with a pathogen-like relationship (37) in that they infect only a few 362 individuals (and thus exhibit low prevalence), but when present, they achieve high numbers (and thus 363 high abundance). Individuals that were colonized by these groups demonstrated a striking paucity of 364 several of the most prevalent 'core' microbiome members observed in all other beetles, including 365 Acinetobacter and Enterobacteriaceae (Figures 2, 5) . Sakurai et al. 2005 similarly showed that Rickettsia 366 presence in aphids reduced the population of the beneficial bacterial symbiont Buchnera to 50-60% of its 367 density in Rickettsia-free individuals. If these interloper microbial groups are detrimental, it would follow 368 that beetles demonstrating dysbiosis would suffer fitness deficits, including weight loss and poor survival. 369 Indirect observations support this assertion, in that the smallest C. belti individuals appeared to have a 370 higher incidence of Rickettsia colonization (75%, as compared with 37% for the largest individuals, n = 8 371 in both groups). In other studies, Rickettsia has had a positive effect on insects, including higher fecundity, 372 faster development, and fungal resistance (38-40). Whether beneficial or pathogenic, it will be interesting 373 to further examine the possible antagonistic relationships among members of the Cephaloleia microbiome. 374 375 376 Over the past several years, at least eight Cephaloleia species at La Selva Biological Station have been 377 found foraging on invasive crêpe ginger, false bird-of-paradise, pink velvet banana, and white ginger (27). 378 In this study, specialist Cephaloleia species collected on invasive plants exhibited an apparent dysbiosis 379 in the membership of both core groups, the Moraxellaceae and Enterobacteriaceae, and non-core groups 380 Brevinemataceae and Spiroplasmataceae It is not known if these differences represent a change along a 381 continuum as beetles adapt to exotic plants, or whether the changes in microbiome facilitate movement 382 onto new plants, or neither. Determining whether an elastic microbial repertoire can be a form of direct, 383 and rapid, environmental adaptation by the host is a next critical step given that the colonization of 384 invasive plants is an inevitable new reality for all generalist and specialist herbivores. A 2013 NSF-385 sponsored report urged the scientific community to better understand phenotypic plasticity and sensitivity 386 of animals to future changing environments (41), yet none of the statements considered animal-associated 387 microbiomes, or the immense potential of this metabolic reservoir for maintaining function in the face of 388 changing ecosystems. 389 390 Conclusion. The tremendous diversity of insect herbivores, particularly in tropical rainforests, is due in 391 part to the relative specificity of their diets (42-43). In this study, Costa Rican beetle species within the 392 genus Cephaloleia, with known diet breadths ranging from generalist (foraging on 9-15+ plants) to 393 specialist (foraging on < 2 plant species), were analyzed for their associated gut microbial community. 394 The core microbiome of six closely-related species of Costa Rican Cephaloleia beetles was limited and 395 mainly included members of the Acinetobacter, Enterobacteriacea, Pseudomonas, Lactococcus, and 396 Comamonas. Contrary to expectations, the microbiome diversity was significantly higher in specialist 397 species, compared to generalists, and was dominated by these core groups (as were the eggs). Generalist 398 beetles had lower diversity, primarily due to the exclusive dominance of bacteria thought to be pathogens, 399 including the Rickettsiaceae. Bacteria isolated from Cephaloleia digestive systems had complementary 400 capabilities and suggested a possible beneficial role in both digestion of plant-based compounds, 401 including xylose, mannitol, and pectin, and possible detoxification, via lipases. Additionally, changes in 402 abundance of rare plants may significantly influence the balance between nutritional specificity and 403 dietary breadth of herbivores (44-45), and in this study, Cephaloleia specimens collected from exotic 404 invasive plants revealed a dysbiosis of the microbiome. Additional experiments are necessary in order to 405 fully determine whether the microbiome differences observed in this study are the product of intrinsic 406 differences among species or result from shifts to novel plant diets. Beetle specimens analyzed in this study
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